Tracking fluorescent lipids in cellular membranes has been applied for decades to shed light on membrane trafficking, sorting, endocytosis and exocytosis, viral entry, and to understand the functional relevance of membrane heterogeneity, phase separation and lipid rafts. However, fluorescent probes may display different organizing behaviour from their corresponding endogenous lipids. A full characterization of these probes is therefore required for proper interpretation of fluorescence microscopy data in complex membrane systems. Model membrane studies provide essential clues that guide us to design and interpret our experiments, help us to avoid pitfalls and resolve artefacts in complex cellular environments. In the present issue of the Biochemical Journal, Juhasz, Davis and Sharom demonstrate the importance of testing lipid probes systematically in heterogeneous model membranes of specific composition and well-defined thermodynamic properties. The phase-partitioning behaviour of fluorescent probes, alone and/or in combination, cannot simply be assumed, but has to be fully characterized.
INTRODUCTION
Cellular membranes contain hundreds of structurally different lipids, whose organization and function are carefully orchestrated in space and time. Such a lipid diversity is exploited to segregate components in distinct regions of specific composition, such as 'lipid rafts', and, thereby, tightly regulate biological processes at and within membranes [1, 2] .
A key feature of raft assembly is the propensity of cholesterol to pack tightly with saturated acyl chains of phosphoand (glyco-)sphingolipids, causing them to organize into an ordered molecular packing structure. In multi-component model membranes, this interaction can lead to microscopically distinct fluid lipid phases: the l o (liquid-ordered) phase, enriched in saturated lipids and cholesterol in a highly condensed state, and the l d (liquid-disordered) phase, enriched in unsaturated glycerophospholipids in a disordered state [2] . Although lipid phase separation has been suggested as the underlying physical principle of lipid rafts in cells, it is not yet fully understood how lipid phase co-existence in relatively simple model bilayers translates into raft assembly in cell membranes [1] . Nevertheless, the importance of grasping the selective association of lipids is more and more recognized, and model membranes have been, and will continue to be, very instrumental in that endeavour. If we want to understand how lipid affinity governs lipid (and protein) spatiotemporal organization in cellular membranes, we have to start by understanding lipid-lipid interactions in simple systems. Progress in the field strongly depends on the tools available to unravel lipid organization and dynamics. In fluorescence microscopy, the situation for lipids differs greatly from that of proteins, for which plenty of genetic tools (e.g. naturally fluorescent proteins) and antibody-based tags have been developed. In the case of lipids, only a few anti-lipid antibodies and lipid-binding protein domains are available [3, 4] . The most common procedure to track lipids is therefore by chemical labelling with artificial fluorescent tags and/or by using synthetic highly hydrophobic fluorophores [3, 5] . In the last few decades, numerous fluorescent lipid analogues have been employed to probe specific lipid environments in cells. However, in recent years, in attempts to characterize lipid rafts, researchers have uncovered artefacts arising from the fluorescent tags. The demonstration of these adverse effects came from studies on domain-forming model membranes, which called into question numerous results obtained in live cells previously [6, 7] . Unfortunately, cell complexity commonly precludes an unambiguous characterization of fluorescent lipid probe behaviour in cells, whereas, given their relative simplicity, model membranes better allow for systematic studies of the phasepartitioning behaviour of lipid probes. Only a few studies have been published so far which have examined multiple fluorophores in well-defined experimental conditions [7, 8] . A paper in the present issue of the Biochemical Journal by Juhasz, Davis and Sharom [9] reports on a systematic investigation of a panel of structurally different fluorescent probes and their preferential partitioning in co-existing phases of a well-characterized ternary lipid system.
FLUORESCENCE PROBES AND THEIR SELF-ORGANIZING PRINCIPLES
In the past, fluorescent analogues of a variety of lipids have been used in cell membrane trafficking studies and, in general, were
Abbreviations used: Bodipy ® , 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; Bodipy ® -PC, 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine; DiD, 1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt; DiIC 12 , 1,1 -didodecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate; DiIC 16 , 1,1 -dihexadecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate; DiIC 18 , 1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-snglycero-3-phosphocholine; DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; l d , liquid-disordered; l o , liquid-ordered; NBD, 7-nitrobenz-2-oxa-1,3-diazole; NBD-DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl); Rh-DPPE, Lissamine TM rhodamine B-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; SM, sphingomyelin; T mix , miscibility transition temperature; TR-DPPE, Texas Red-1,2-dipalmitoyl-snglycero-3-phosphoethanolamine.
1 email nicoletta.kahya@gmail.com e8 N. Kahya assumed to reflect the behaviour of the corresponding endogenous lipids. However, fluorescently labelled lipids do not necessarily organize in the same manner as the endogenous ones. For example, it has been shown that Bodipy ® (4,4-difluoro-4-bora-3a,4a-diazas-indacene) -C 5 -SM (sphingomyelin), -C 12 -SM and -ceramide are excluded from SM-enriched l o phases in several ternary lipid mixtures [3, 7] . Furthermore, cholesterol is expected to enrich in l o phases rather than in l d phases. However, NBD (7-nitrobenz-2-oxa-1,3-diazole)-cholesterol partitions out of l o phases and so do other cholesterol derivatives, both synthetic and natural [8] . On the other hand, cholestatrienol and dehydroergosterol do associate with l o phases. Typically, probe-partitioning behaviour might be affected by the presence of the fluorophore, which perturbs the tight molecular packing of the l o phase and thereby energetically favours the disordered packing of the l d phase. This feature thus readily explains why most of the fluorescent lipid analogues are found in l d phases and very few exhibit high affinity for l o phases. The partitioning behaviour of fluorescent probes in membrane bilayers has been shown to depend on: (i) the chemical structure of the fluorophore; (ii) the position of the fluorophore in the lipid analogue; (iii) the chemical structure of the lipid analogue/ fatty acyl chain; (iv) the fatty acyl chain length; (v) the lipid composition of the bilayer; and (vi) various thermodynamic parameters (e.g. temperature, pressure and line tension).
(i) Fluorescent lipid analogues of the same lipid structure but with different fluorophores might exhibit different partitioning behaviour. In agreement with earlier studies for other lipid mixtures [8] , Juhasz, Davis and Sharom [9] report that NBD-
whereas TR-DPPE (Texas Red-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine) and Rh-DPPE (Lissamine TM rhodamine B-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine) clearly favour l d phases [8, 9] .
(ii) The same fluorophore might affect probe partitioning behaviour differently when placed on different sites of the lipid analogue's structure. For example, NBD-DPPE favours l o phases when NBD is linked to the headgroup [9] , but, conversely, favours l d phases when NBD is linked to the acyl chain [8] .
(iii) Fluorescent lipid analogues with saturated acyl chains are expected to associate with l o phases (enriched in saturated lipids), whereas corresponding lipid analogues bearing the same fluorophore but carrying unsaturated acyl chains favour l d phases (enriched in unsaturated lipids). Indeed, Juhasz, Davis and Sharom [9] show that (headgroup-labelled) NBD-DPPE favours l o phases, whereas NBD-DOPE [1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)]-favours l d phases. However, Bodipy ® -PC [2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine] was found in the l d phases of DOPC/DPPC/cholesterol bilayers, similarly to Bodipy ® -labelled SM, ganglioside G M1 and ceramides, which were also found in l d phases [8] . Hence, in this case, the partitioning behaviour, at least qualitatively, is not determined by the acyl chain structure. Rather, the bulky fluorophore strongly interferes with the lipid packing and drives the probe into a more disordered environment. In addition, the molecular configuration at the water/bilayer interface might influence the probe's organization. Suhasz et al. [9] show that minimal structural differences determine the fate of a probe in heterogeneous membranes: DiD (1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt) and DiIC 18 (1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate) differ only by two carbon atoms in the headgroup linker region and yet, in DOPC/DPPC/cholesterol membranes, DiD associates with the l d phase, whereas DiIC 18 equally partitions between l d and l o phases. Baumgart et al. [8] attempted to exploit this feature to modulate probe partitioning behaviour; they modified the l d -phase-associated TR-DPPE probe and introduced a spacer to separate the fluorophore from the headgroup region of DPPE. However, no change in partitioning was observed, and the probe still associated with l d phases. In another study, Wang and Silvius [7] reported that the nature of the headgroup only weakly affected probe partitioning into liquid phases when comparing sphingolipids with diverse polar headgroups (SM, monoglycosylceramides and ganglioside G M1 ) in DPPC/DOPC/cholesterol and SM/DOPC/cholesterol bilayers.
(iv) Fluorescent probes with different acyl chain length might exhibit different partitioning behaviour. Dialkylcarbocianine dyes are available with various fatty acyl chain lengths and have been largely employed for imaging of membrane heterogeneity [10] . As expected, Suhasz et al. [9] show that dialkylcarbocianine molecules with shorter chain lengths [DiIC 12 (1,1 -didodecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate) and DiIC 16 (1,1 -dihexadecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate)] partition in l d phases, as the chain packing is more disordered, as opposed to dialkylcarbocianine with longer chain lengths (DiIC 18 ), which exhibit some affinity for l o phases in DOPC/DPPC/cholesterol mixtures. Even between DiIC 12 and DiIC 16 , Suhasz et al. [9] found qualitatively different partitioning ratios.
(v) From a thermodynamic and microscopic point of view, lipid phases from bilayers of different composition are by no means alike. As a result, one has to consider the composition of a given membrane, which strongly influences the probepartitioning behaviour. Suhasz et al. [9] investigated the behaviour of DiIC 18 in DOPC/DPPC/cholesterol bilayers, in which DiIC 18 showed no preference for either l d or l o phases. However, the same probe in SM/DOPC/cholesterol mixtures was strongly excluded from l o phases [11] , whereas, in DSPC (1,2-distearoylsn-glycero-3-phosphocholine)/DOPC/cholesterol mixtures, it strongly favoured l o phases [8, 12] . Similarly, perylene has been shown to preferentially label l o phases in ternary lipid mixtures containing egg SM, DOPC and cholesterol, but was found to equally distribute between l d and l o phases in brain SM, DOPC and cholesterol [8] .
(vi) Thermodynamic parameters, such as temperature, pressure and line tension, are potentially strong determinants of probepartitioning behaviour [2, 9, 13] .
For the first time, Suhasz et al. [9] report an additional factor, which might dramatically change lipid-probe-partitioning ratios, i.e. the presence of multiple probes affecting each other's organization in the bilayer. Strikingly, Bodipy ® -PC influences the partitioning ratio of DiIC 18 , which shifts more into l d phases of DOPC/DPPC/cholesterol bilayers. However, in the presence of DiD, DiIC 18 equally partitions between l d and l o phases. This clearly indicates that, even at low concentrations, probes may compete with each other within certain lipid environments and, thereby, reorganize between distinct phases. Suhasz et al. [9] extended their investigation to triple-labelled bilayers, and showed that only by choosing the appropriate probes can phases be assigned unambiguously and subtle differences in partitioning behaviour of distinct probes can be detected.
Furthermore, the notion that not only can lipid environments affect the behaviour fluorescent probes, but also that lipid probes can modify the phase behaviour of lipid mixtures is quite an important result in the study [9] . Fluorescent lipid analogues have been shown previously to increase the T mix (miscibility Commentary e9 transition temperature) of ternary mixtures [14] . Suhasz et al. [9] analysed this issue systematically. Consistent with previous findings, they show that DiD and Rh-DPPE significantly alter the T mix of DOPC/DPPC/cholesterol mixtures.
Seeing the adverse effect of fluorophores attached to lipid molecules and the lack of predictability of their behaviour, researchers looked for alternative fluorescent probes, such as polycyclic aromatic hydrocarbons, which mimic the packing properties of cholesterol. However, also among these compounds the diversity of phase-partitioning behaviour is enormous [8] . Aromatic dyes with a rigid ring, which remains flat in a tight lipid-chain-packing environment, exhibit the highest affinity for l o phases [8] . Suhasz et al. [9] optimized a protocol for labelling with NAP (naphtho[2,3-a]pyrene) (alone and in combination with other dyes) in l o phases in DOPC/DPPC/cholesterol mixtures.
OUTLOOK
Recent literature shows that the self-organizing behaviour of fluorescent lipid probes in membranes may differ from that of the corresponding endogeneous lipids. This piece of evidence, on the one hand, calls for caution in interpreting fluorescence microscopy data, and, on the other, underlines the urgency of systematic investigations under rigorous experimental conditions. Model membranes, such as giant unilamellar vesicles, are most suitable systems to carry out such studies. The paper by Suhasz et al. [9] addresses these points and raises awareness for potential pitfalls in using fluorophores, either alone or in combination, to probe heterogeneous lipid environments. Suhasz et al. [9] emphasize the crucial importance of testing specific fluorophores under standardized conditions for lipid mixtures of welldefined composition and controlled thermodynamic parameters. Specific properties of the probe, such as photostability, quantum yield, partitioning preference and its effect on the phase behaviour of membranes, cannot be simply assumed but require rigorous testing in model systems. The present study [9] , as previous in experiments, provides qualitative estimates of probe-partitioning ratios. However, seeing the nature of lipid rafts and the complexity of cellular membranes, it is rather simplistic to state that a fluorophore partitions 'in' or 'out' of rafts. More quantitative studies are needed to identify subtle differential partitioning behaviours. Techniques, such as fluorescence correlation spectroscopy, provide quantitative measurements of particle numbers in distinct lipid phases and allow for unambiguous phase assignment by measuring dye mobility in lipid phases [11, 15] .
In conclusion, tracking lipids in an artefact-free manner and away from interferences is a long-standing issue. More work is needed, on the one hand, to design new, robust and reliable probes, and, on the other, to develop suitable protocols/techniques to characterize them and properly interpret the results. Systematic investigations such as the one presented by Suhasz et al. [9] help us to understand how to investigate lipid rafts in membranes, and, in a more general context, how to monitor lipid-lipid interactions in membranes in a reliable way.
